The performance of electronic systems for radio-frequency (RF) spectrum analysis is critical for agile radar and communications systems, ISR (intelligence, surveillance, and reconnaissance) operations in challenging electromagnetic (EM) environments, and EM-environment situational awareness. While considerable progress has been made in size, weight, and power (SWaP) and performance metrics in conventional RF technology platforms, fundamental limits make continued improvements increasingly difficult. Alternatively, we propose employing cascaded transduction processes in a chip-scale nano-optomechanical system (NOMS) to achieve a spectral sensor with exceptional signal-linearity, high dynamic range, narrow spectral resolution and ultra-fast sweep times. By leveraging the optimal capabilities of photons and phonons, the system we pursue in this work has performance metrics scalable well beyond the fundamental limitations inherent to all electronic systems.
INTRODUCTION
Radio-frequency (RF) resonators, filters, and oscillators are critical components in the signal processing chain for spectrum analyzers, as well as for many other devices and systems. Advances in the performance of RF filters can have several important consequences for spectrum analyzers, receivers, and communications devices, including reducing power dissipation and increasing frequency scan rates. In addition, novel filter design can enable implementation of new architectures for electromagnetic systems such as wideband radio, software-defined radios, and micro-and millimeterwave transceivers, resulting in revolutions in system performance. Examples of new architectures include approaches for ultra-high bandwidth combined with very high dynamic range receivers that are resilient against noise and jamming.
A variety of microwave, photonic, and MEMS/phononic technology exists to address the growing needs of RF spectral sensing systems. Each has its own advantages and disadvantages as illustrated in Figure 1 . As we will show in the following the RF optomechanical system presented in this paper combines the advantages of all three technology areas to produce a system that with exceptional linearity and power handling and that can be scaled to produce channelization densities unrivaled by other systems. 
DEFICIENCIES AND WEAKNESSES OF CONVENTIONAL RADIO RECEIVERS
Conventional radio receivers commonly use an architecture that employs single frequency conversion to reach the 1 st intermediate frequency (IF) . The block diagram of this type of radio is shown in Fig. 2 . The signal input to the system from the antenna is broadband RF energy. A roofing filter (also called a preselector filter) is used to limit the amount of unwanted RF energy entering the system to a range of frequencies that will be processed by the system. The block diagram shows only one roofing filter, but there could be additional roofing filters of narrower bandwidths if the complexity of a switching arrangement is added (as shown for the bandpass filters). The signal from the roofing filter is then amplified by a broadband low noise RF amplifier. To increase the system selectivity and sensitivity, the signal is then routed to a narrower bandwidth bandpass filter through an RF switch. Once the signal is filtered, it is switched back into the signal path by a second switch. The signal is then mixed with a local oscillator to provide the 1 st frequency that then enters the 1 st IF signal path where additional amplification and filtering is done. In the block diagram, the active components are shaded blue -these are the components that contribute the majority of the signal nonlinearities and distortion in the receiver. Non-active system components are usually linear. However, components such as passive filters and RF switches have loss and reduce the dynamic range of the system.
The operation of each component in the block diagram will be summarized along with some of the shortcomings that these components have and how these short comings affect the performance of the receiver [see Vizmuller, for example].
Roofing filters are used to reduce the amount of undesired RF energy (i.e., a jammer, environmental, or co-site interference), that might be far from the receive frequency. Undesired RF energy can overload the front end causing reduced sensitivity or even total loss of signal. The use of one wideband roofing filter results in a simplified architecture, since no RF switches are needed. However, using just one wide bandwidth filter does not always produce an optimal solution. Employing multiple roofing filters can improve receiver sensitivity because of the reduced filter bandwidth. The switch matrix contributes to extra loss, which raises the system noise floor and reduces receiver sensitivity. Each design requires the analysis of these tradeoffs to determine the best architecture. In addition, when distributing the signal to multiple filters in a filter bank, the filters must be isolated from each other in order that each filter transfer function is not perturbed or influenced by the other filters. The isolation can be provided by switches, as discussed above, or by amplifiers that can have high reverse isolation. But the tradeoff here is increased distortion and increased power consumption. The typical insertion loss for roofing filters should not exceed 2-5 dB and they should have good rejection (at least > 30-40 dB) outside the passband (0. ranges from fLOW to fHIGH). The roofing filter return loss should be < 15 dB over the entire bandwidth to minimize reflections and signal loss. The nano-waveguide filters presented in this work have great potential to replace conventional preselector filters. RF switches are an important component in the radio front-end that provide more design options so that performance trade-offs can be evaluated in terms of filtering options, for example. RF switches have insertion loss when on and a finite amount of isolation when off. Their switching state must be controlled so they can switch components in or out of the signal path as needed. RF switches can consume significant power in order to achieve minimum insertion loss when on (PIN diodes, for example). Switch insertion loss in front of the first low-noise amplifier correspondingly increases receiver noise floor and hence reduces the receiver sensitivity. Low switch isolation (25-30 dB) can contribute to undesired spurious signal response. Poor RF isolation between switches (that share common biasing lines) can reduce filter out-of-band rejection. A new architecture can be utilized with the proposed nano-optomechanical filter that greatly simplifies the way in which the signal is distributed to the filters without the need for splitters or RF switches.
A low noise amplifier (LNA) is normally used in the first gain block in the signal chain to fix the noise figure of the system as low as possible before other filtering and gain is applied to the signal. The LNA bandwidth, noise figure, gain, and intercept point are set by the receiver performance and power requirements. The LNA also provides high reverse isolation, which is important for minimizing receiver spurious response. Large signal response of the LNA leads to nonlinear response or distortion and is of major concern in the overall dynamic range of the receiver system.
The mixer has a nonlinear response that converts the signal frequency to the IF frequency by mixing the signal with the local oscillator (LO). The choice of mixer type is vast (active, passive, unbalanced, singly balanced, double balanced, tuned, broadband) and the type used will depend on the receiver requirements. The IF stage is designed for operation at one fixed frequency. This enables its design to be greatly simplified and optimized since the filtering and gain are designed for just one frequency. The IF filter bandwidth can be fixed or switchable, depending on the system requirements (500 Hz to 10 or 20 MHz, for example). Mixer conversion loss reduces receiver sensitivity and can increase the noise figure. The mixer (along with the LNA) determines the third-order intercept point (IP3) and is called intermodulation distortion. The 2 nd order intercept point at ½ the IF frequency is a measure of spurious response rejection. The mixer also provides some isolation of the LO to the incoming signal or undesired conducted LO energy propagating toward antenna that will give a spurious response. The mixer should also provide RF to IF isolation and this is a measure of the receiver susceptibility to direct IF frequency pickup from RF.
NANO-OPTOMECHANCIAN RF FILTERING PLATFORM
The basic photonic/phononic filtering structure that is considered here has been developed by Sandia and Yale in earlier phases of this work [see Shin, et. al. (2015) , for a detailed discussion], and is illustrated in Fig. 3c . The device is comprised of Si nano-waveguides that are fabricated on a suspended Si3N4 membrane. The handle wafer is Si and the Si3N4 is deposited on a layer of SiO2 that is part of the silicon-on-insulator handle wafer. For the filtering applications considered in this work, the membrane is patterned in a phononic filter configuration that provides confinement for acoustical modes. The input optical pump laser has a RF modulation such that the optical amplitude drives the acoustical super-mode, which imparts a phase modulation on the output waveguide. The output uses a probe laser that is modulated by the filtered acoustic wave. The RF energy on the probe is detected by a heterodyne mix of the probe and a slightly offset (in frequency) reference that is phase locked to the probe (and is usually derived from the probe). The measured transfer function (S21) of this type of filter is shown in Fig. 3a . The device is designed as a two-pole bandpass filter. The transfer function is exceptional in terms of rejection, which is 70 dB.
The photonic/phononic transfer function, which captures the above described transduction process, is given by [Shin, et. al. (2015) ]:
where P1 and P2 are the pump and probe laser powers, P3 is the input RF power (on top of the pump), PS is the output RF signal power, L is the lateral filter length, and is the phonon mediated coherent coupling from the input nano-waveguide (the pump) to the output waveguide (the probe). This is a sharply narrow function 2 nd order filter response illustrated in Fig. 3a . The tight control of the fractional bandwidth is a result of the cascaded transduction process.
For L=7 mm and P1 = P2 = 3.5 mW, the peak value of the coherent coupling factor becomes: = 1.67•10 can be increased so as to reduce the pump and probe power as needed. The nano-waveguide loss is about 0.15 dB/cm, which dominates overall system performance.
The photonic/phononic-based RF filter eliminates the need for the system complexity associated with conventional photonic-based filtering. The myriad of time delays, signal scaling, and summing needed for implementing finite impulse response (FIR) and infinite impulse response (IRR) filters are replaced by the phononic crystal in a compact form factor. Moreover, because of its simplicity (i.e., fewer components and their associated interconnections), the phononic crystal filter is much more reliable than conventional photonic filters. This in turn increases the overall reliability of the system that it is used in.
Key advantages of this is system are that the optical distribution of light modulated with RF signals does not suffer from the signal distribution and filter isolation problem that exists for electronic RF systems, and that the filter response is exceptionally linear. An exemplary photonic/phononic filter response is shown in Fig. 3c in which the passband is centered at a GHz frequency. The light is at a frequency of order 10 14 Hz. Assuming that the modulated RF energy on the pump is at 10 GHz (for example), the fractional bandwidth is very low, about 10 -4 , and also because the energy converted into phonons is very small, the perturbation of the pump light wave due to the filter is negligible. Therefore, its optical propagation properties are not appreciably affected by the filter. Contrast this to the distribution of RF signals in a 50 Ω system. In that situation, a large fraction of the incident power is delivered to each filter (1/2 for each filter for two filters in parallel, 1/3 for each filter for three filters in parallel, etc.) which causes a huge perturbation to the incoming wave. In this case, the filter bank will use all the available RF power (if matched properly). In the light wave case, the pump (waveguide) can supply a large number of filters in parallel without losing appreciable carrier power, since the fractional bandwidth is only 10 -4 . In addition, any reflected power from the filter back into the pump waveguide will also be on the order of 10 -4 -a negligible amount, so very good filter-to-filter isolation can be achieved. Thus, these nano-waveguides and associated filters are ideally suited for large scale signal distribution and filtering that has no counterpart at regular RF frequencies. 
CONVENTIONAL RF REAL TIME SPECTRUM ANALYZER
In conventional RF filtering applications, it is common for a signal to be distributed to a large number of filters. The challenge is to distribute the signal to the filters and maintain isolation between filters. If the isolation is insufficient, the characteristics of the filter can change and degrade. A common approach is to use Wilkinson splitters that provide about 20 -25 dB of reverse isolation. Another approach is to use amplifiers, which can provide 30-40 dB of reverse isolation. However, they consume power and can limit the dynamic range of the system by introducing distortion. For example, in the DARPA Chip Scale Mechanical Spectrum Analyzer (CSSA) program, a RF signal at 0.5 GHz had to feed 16 microelectromechanical systems (MEMS) filters in four filter banks of four filters each, as shown in Fig. 4d-f . Wilkinson splitters were used to achieve the required filter bank-to-filter bank isolation. In a given filter bank, the passband frequencies were far enough apart (8 MHz) that their parallel connection was not detrimental to the filter performance, as shown in Fig. 4 . However, when two filter banks were simply connected in parallel, the resulting filter function was compromised and unacceptable as show in Fig. 4a-c . 
NANO-OPTOMECHANICAL WAVEGUIDE DEVICES: RF SPECTRUM ANALYSIS PROTOTYPE

System Prototype
The core capability of the photonic/phononic filter already discussed can be leverage to develop a real time RF spectrum analyzer. A three filter example is shown in Fig. 5 . The input to the filter bank is RF modulated light (not shown) that is the pump signal. Because light travels more than 10 4 times faster than sound, each filter is essentially excited at the same time. The modulated RF light excites the phononic crystal that is present at the center frequency and over the bandwidth of each filter. That RF energy is filtered and sent to the receiving probe waveguide. The reverse optomechanical process takes place and the RF energy for that filter is modulated back onto the probe light. The filtered RF energy is then heterodyne detected by a single high speed photodetector. A key feature of this spectrum analyzer is the time offset between filters is achieved by moving the probe line further from the pump waveguide for successive filter sections. The time difference between successive filters is: Δt = tdj -td(j-1) = Δx/vp where tdj = time for phonons to travel from the pump to the probe waveguide for the j th filter, Δx = extra distance the phonons must travel between the successive filters, and vp = speed of sound in the phononic crystal. For Δx = 2 μm, a Δt of 0.5 ns is obtained for vp ≈ 4500 m/s. This increases the time delay at which successive filtered signal reach the probe waveguide. Because of the different time delays for each filtered signal reaching the probe waveguide, only a single detector is needed and each filtered signal is resolvable in time at the detector. The process then repeats at a sampling rate that depends on the filter delay times between waveguides and the number of filters. Based on this architecture, this spectrum analyzer is scalable and additional filters can be added for additional frequency coverage. The speed of the spectrum analyzer can be greatly enhanced by going to a parallel architecture in which each filter has its own photodetector and each filter is excited in parallel. The tradeoff is increased hardware complexity and power. The system analysis of the serial and parallel architectures of the RF spectrum analyzer in terms of SWAP, dynamic range, etc., is in progress. 
System applications
The nano-optomechanical filter can be used in a radio receiver application. A simplified block diagram of a one channel radio is shown is shown in Fig. 6a . A CW laser is modulated by RF energy from an antenna at frequency fIN using an optical intensity modulator. The light from the modulator (the emitter signal) is then coupled into the filter die. The receiver signal, obtained from the same CW laser, is also coupled onto the die. The receiver signal is modulated by the filtered RF energy at fIN and is heterodyne detected in the high-speed photo-detector mixer. The phase coherent reference signal used in the detector is obtained from the unmodulated receiver signal. The detected and down-converted signal is then amplified using a logarithmic amplifier. The amplified signal at fIN is then digitized by an A/D converter. The backend off-chip components of the radio are shown in Fig. 6b . It should be noted that the laser, modulator, and photodiode mixer can be monolithically integrated, which has significant system benefits such as reduced SWaP and increased reliability. Sandia has a portfolio of such chip-level optical components that could be used to integrate these system components. Additional channels can be added by adding additional photonic/phononic filters that have different passband frequencies. The system benefit of the nano-optomechanical filter is exemplified when many signal channels are processed simultaneously. The simultaneous processing architecture can be utilized because of the benefit of optical signal distribution as compared to an electrical RF system that was discussed in the previous Section. The block diagram for a RF spectrum analyzer application (the filter bank) that uses a filter bank of n filters is shown in Fig. 5a where a three filter section is shown. One emitter signal feeds each filter in series while each receiver has its own signal feed. Each filtered output is heterodyne detected in a photodetector. This architecture has the advantage of utilizing the same total emitter (pump) power for all the filters -no power division is necessary as in the pure parallel architecture; each filter has its own receiver source to avoid spurious signals from the previous filters along the filter chain.
When n high-speed photodetectors are used in parallel, there is no need to have a time delay between the receiver signal arrival times in this architecture, thus enabling parallel signal processing. The signal conversion time budget for a 16 channel spectrum analyzer based on photonic/phononic filters was calculated based on the sample time for each system component from which the sensor scan rate can be determined, resulting in estimated scan rates ranging from 12,000 GHz/s to 7,200,000 GHz/s, depending on the filter bandwidth. The power budget for the major electronic components was estimated to range from 2.4 to 7.1 W. This analysis assumes that the laser efficiency is 25% so that 1 W of DC electrical power will be converted into 0.25 W of laser beam power. One laser could also work by suitably dividing up the output into three separate beams. The total power required is 1.3 W.
The system impact of electrical RF versus optical architectures for high speed spectral sensing is shown in Fig. 7 . The important system parameters listed are signal distribution, reverse isolation of the filters, filter sensitivity to fCENTER, filter insertion loss, filter form factor, filter bandwidth, and signal detection. From the chart it can be seen that the optical approach to high speed sensing has many advantages when compared to the electrical RF approach.
Finally, a comparison is made between various spectral sensors, shown in Fig. 8 , that range from bench top and handheld commercial units to research type units that were produced in other DARPA programs. This includes the XG Sensor and the CSSA sensor. The calculated values for the nano-optomechanical spectral sensor are shown in the far left column. The biggest benefit of this sensor is the high scan rate that exceeds that of the CSSA sensor by more than 300x for a 16 channel design using wide filter bandwidths of 30 MHz each. 
EXPERIMENTAL IMPLEMENTATION
Device Implementation
As a first step in the demonstration of the system capabilities, we implemented the three filter array of the photonic/phononic filters, where each filter shares a common emitter waveguide shown in Fig. 5a . An ultra-high-speed spectral sensor architecture has been developed that uses the unique properties of these filters. While it is beyond the scope of the present work to build the complete spectral sensor, a scaled down three-filter array prototype was designed, fabricated, and tested. The fabricated die is shown in Fig. 9c and a detailed image of one 3-filter array is shown in Fig.  9b . The three filters are driven by one emitter input. Each filter uses one receiver waveguide that has an input and a filtered output. The emitter waveguide meanders so it can drive all three filters in a compact form factor. The light must propagate in the same direction for all emitter-receiver filter pairs. So, for example, the light flow in the receiver 1 waveguide is opposite to the light flow in the receiver 2 waveguide. This relation can be verified by careful examination of the light flow in Fig. 9a . Note that the receiver 2 waveguide meanders back to the right side of the die. This is necessary because waveguide "cross-overs" are not presently available (unlike in integrated circuits, where metal crossovers are commonplace). So, the waveguide could terminate on the left side inside the emitter waveguide or brought back to the right side as was done in this design. Likewise, the receiver 3 waveguide could have started on the left side inside the emitter waveguide but actually starts on the right to facilitate the input and output of light from the device. Each filter is similar to the filter shown in Fig. 9b with 4-4-4, 6-6-6, and 8-8-8 geometries for the resonators and phononic crystal. The filters are designed to have passbands at 3.0, 3.7, and 4.7 GHz. The details of the filter designs are in (Shin, et. al., [2015] ). The fabricated filter and schematic is shown in Fig. 9a . 
Measurement Setup
The simplified block diagram of the measurement setup is shown in Fig. 10 . The laser has a maximum +13 dBm (20 mW) of power and uses an external cavity to achieve a linewidth of 3 kHz at a wavelength of 1550.0 nm. The light is intensity modulated (lithium niobate Mach-Zehnder intensity modulator) using an RF drive at frequencies up to 10 GHz. For a RF drive at 5 GHz, the two side bands at ±5 GHz from the unmodulated light frequency are about 18 dB higher in power than the carrier. The difference frequency, 10 GHz, is used to excite the waveguide resonator that then produces phonons at 10 GHz, for example.
The modulated light is amplified by an erbium-doper fiber-based optical amplifier that has a maximum output power of +26 dBm (400 mW). The amplified light is then coupled into the die using Bragg-grating couplers. The light is launched into the die either by a single fiber optic probe or by a V-groove that has four optical fibers that have a center-to-center spacing of 127 μm. The typical measured coupling loss ranges from 13-15 dB per transition. Polarization controllers are used throughout the setup to optimize the beam signal strength and to suppress undesired modes.
The pump (or emitter) modulated light is the light that is to be filtered. The probe or receiver light is unmodulated and is amplified by a semiconductor-based optical amplifier to +16 dBm before it enters the device as shown in Fig. 10 . The receiver light is then phase modulated by the filtered energy that gets through the phononic filter. Before entering the die, the receiver light is split into two parts. One beam is the one that gets modulated in the filter, and the second beam serves as a phase coherent source. The two beams form the two arms of an interferometer and are then combined in a high-speed photo-detector (InGaAs PIN detector) where heterodyne detection [see Yarif] is used to recover the baseband filtered RF energy. The detected signal is measured using an electrical spectrum analyzer (ESA). The resolution bandwidth of the ESA ranged from 50 -500 Hz and the electrical noise floor was about -120 dBm. The active feedback loop is used to maximize the detected signal by adjusting the phase difference (using a fiber stretcher) between the two beams.
In the experimental setup, two fiber probes are used for coupling light into and out of the die. The mechanical assemblies that hold the probes (each assembly has a XYZ stage plus rotation) allow for optimal light coupling. The die is positioned vertically to minimize the accumulation of dusk and other particulates. 
Measurement Results
The phononic crystal used for bandpass filtering work because it exhibits an acoustic bandgap [see, for example, Olsson, et. al. (2009)]. The acoustic bandgap occurs over a frequency range such that no acoustic wave modes can be supported or propagated through it for an infinitely-extended structure. In a finite phononic crystal, the amount of acoustic energy Frequency (GHz)
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Filter Peak that is reflected from the phononic crystal for the range of frequencies that makeup the bandgap depends on the number of periods that make up the structure. The measured transmission of a device that is designed to have an acoustic bandgap is shown in Fig. 11 . The two waveguides are coupled together through the phononic crystal. The measured device has four rows of phononic crystal holes between the waveguides. The etched holes are ≈ 0.8 μm in diameter with a center-to-center spacing of ≈ 1.6 μm on a square lattice. The measurement technique is identical to that of the bandpass filter. The bandgap starts around 1 GHz and extends to about 2 GHz. The width of the bandgap is ≈ 1 GHz and the attenuation or depth is about 25 dB. The bandgap width of 1 GHz is 67% of the bandgap center frequency (1.5 GHz). This is an outstanding result and possibly represents a record setting width-to-center-frequency ratio. The small feature at ≈ 1.6 GHz is probably an unidentified spurious mode that is getting through the bandgap. The measured results for a 3-filter array that uses the 6-6-6 device structure is shown in Fig. 12 for each of the three receivers. The bandpass peaks for receivers 1 and 2 are pronounced and occur at slightly lower frequency than that predicted through simulation. The receiver 1 peak, shown in Fig. 12a , is measured at about 4.63 GHz versus 4.7 GHz simulated. The receiver peak 2, shown in Fig. 12b , is measured at about 3.67 versus 3.7 GHz simulated. The peak for receiver 3, shown in Fig. 12c , is not well defined and is at 2.96 GHz versus 3.0 simulated. 
CONCLUSION
In this work we describe a novel nano-optical-mechanical traveling wave device that has unique potential in a real time spectral analyzed configuration to achieve unprecedented channelization densities. The system was compared to a conventional RF real time spectrum analyzer and it is shown that the nano-optomechanical device has superior performance in terms of nonlinearity, dynamic range and power handling. We designed, fabricated and demonstrated a first implementation of a three array filter showing parallel operation.
